We report long-term laser frequency stabilization using only the target laser and a pair of 5 m fiber interferometers, one as a frequency reference and the second as a sensitive thermometer. When used to stabilize a distributed feedback laser at 795 nm, the frequency Allan deviation at 1000 s drops from 5.6 × 10 −8 to 6.9 × 10 −10 . The performance equals that of an offset lock employing a second laser and an atomic reference. [4, 5] . For this reason, linewidth narrowing is often combined with long-term stabilization using a "transfer lock" in which a first laser is stabilized to an atomic or molecular transition, a discriminator is stabilized to this laser, and a second laser is stabilized to the discriminator, possibly at a different wavelength [6] . The complexity of this approach can in principle be avoided if the frequency discriminator itself provides a stable absolute reference. Here we demonstrate stabilization of a single laser to two unbalanced Mach-Zehnder interferometers (MZIs), one used to stabilize the temperature of the other. The system derives its stability from the material properties of silica fiber and a metal, in our case an aluminum alloy. We observe the same longterm stability as our transfer lock using rubidium atomic vapor, e.g. 6.9 × 10 −10 at 1000 s. Use of unbalanced fiber interferometers for linewidth narrowing is well established. The interferometer phase φ is very sensitive to laser frequency f due to the large physical path difference L:
Laser linewidth and frequency stability are critical in laser spectroscopy and its many applications. Short-term linewidth can be narrowed by active feedback from a fast frequency discriminator such as an optical cavity [1] or an interferometer [2] , and is limited by the speed of the feedback and the noise of the discriminator signal [3] . Long-term stability, in contrast, requires stabilization to an absolute reference and is limited by drifts in the reference and in the feedback system. As references, atomic and molecular lines are very stable but give low signal to noise ratios and a limited selection of frequencies [4, 5] . For this reason, linewidth narrowing is often combined with long-term stabilization using a "transfer lock" in which a first laser is stabilized to an atomic or molecular transition, a discriminator is stabilized to this laser, and a second laser is stabilized to the discriminator, possibly at a different wavelength [6] .
The complexity of this approach can in principle be avoided if the frequency discriminator itself provides a stable absolute reference. Here we demonstrate stabilization of a single laser to two unbalanced Mach-Zehnder interferometers (MZIs), one used to stabilize the temperature of the other. The system derives its stability from the material properties of silica fiber and a metal, in our case an aluminum alloy. We observe the same longterm stability as our transfer lock using rubidium atomic vapor, e.g. 6.9 × 10 −10 at 1000 s. Use of unbalanced fiber interferometers for linewidth narrowing is well established. The interferometer phase φ is very sensitive to laser frequency f due to the large physical path difference L:
where n is the refractive index of the fiber and c is the speed of light. Prior work includes MZI stabilization of a helium-neon laser to 5 kHz linewidth [2] over a time scale of 1 s, stabilization erbium-doped fiber distributedfeedback lasers (EDFLs) [7] [8] [9] , e.g. to 8 Hz linewidth [9] over 1 s using a 2 km path-imbalanced Michelson interferometer (MI). Stabilization of distributed-feedback (DFB) diode lasers [10, 11] has shown large narrowing factors, e.g. from 370 kHz to 18 Hz over 1 ms using a MI [10] and from 3 MHz to 15 kHz over 1 s using a MZI [11] . Long-term stability has been little studied with unbalanced interferometers and the above works only achieved short-term linewidth reduction. For example, in [11] there is no stability improvement over times longer than 64 s. Wang et al. [12] implemented a transfer lock using an atomic reference and a 2 m path-imbalanced Young's interferometer, and stabilized an external cavity diode laser to 10 −8 over 10-4000 s. In our scheme, one interferometer, the "frequency control interferometer" (FCI), is used to sense and stabilize the laser frequency, while a second, "temperature control interferometer" (TCI) is used to sense and eliminate fluctuations in the temperature of the thermal reservoir to which both are attached. The FCI and TCI are constructed to have the same frequency response
where n = 1.454 [13] and L = 5 m (equal for the two interferometers). Larger L would give better frequency discrimination, but a larger device. The TCI is designed to have a much stronger temperature response than the FCI, which can be achieved by reducing the temperature sensitivity of the latter by using a special fiber [14] . Here we instead increase the temperature sensitivity of the TCI by using a jacketless fiber, tightly wound on an aluminum cylinder, as the extra length in the TCI. The coefficient of thermal expansion (CTE) α = L −1 dL/dT of aluminum, α Al = 23 × 10
, is 40 times larger than the CTE of silica fiber α SiO2 = 0.5 × 10 −6 K −1 , while the two materials have very similar Young's moduli, so the fiber is stretched by the aluminum cylinder as the temperature T rises, giving Fig. 1 . Schematic of laser frequency locking system. Using a half-wave plate (HWP) and a polarizing beam splitter (PBS), a few 10s of µW of power from the laser to be stabilized, DFB with wavelength 795 nm, is injected into a fiber system containing two unequal-path Mach-Zehnder interferometers. Each interferometer is composed of two 50:50 fiber couplers (FC) and an additional 5 m fiber to imbalance the paths. In the frequency control interferometer (FCI) the extra fiber is a jacketed single mode fiber, while for the temperature control interferometer (TCI), it is a polarization maintaining fiber without jacket. The fibers are wound around a 10 cm diameter aluminum cylinder fitted with a resistive heater and a resistive temperature sensor. In each interferometer the output powers are collected on a Thorlabs balanced amplified photodetector (PDB450C), providing signals that are used for feedback, either to the laser current, or to the set-point of a temperature controller from Wavelength Electronics (model HTC1500) by a digital controller (PC-based data-acquisition card). The interferometers are enclosed in a insulation layer of extruded polystyrene foam.
In the TCI, phase change with temperature arises from the interaction of the thermo-optic coefficient dn/dT , the CTE, and the elasto-optic coefficient dn/dL
where λ = c/f . The first part of Eq. (3) describes the thermo-optic effect, while the second part combines the other two effects. In contrast the FCI is not stretched, so there is no elasto-optic effect and the phase change with temperature is
With λ = 795 nm, dn/dT = 9.2 × 10
we find dφ TCI /dT = 1414 rad/K and dφ FCI /dT = 392 rad/K and thus the TCI is 3.6 times more sensitive to temperature than the FCI.
The setup is shown and described in Fig. 1 . To stabilize the frequency of a DFB laser, we use MZIs with differential detection, which allows rejecting common-mode intensity fluctuations, a two-fold increase in slope because the outputs are anti-phase, and in principle, shotnoise limited performance. In the TCI, the additional 5 m fiber has no jacket but retains a 60 µm acrylate coating applied during manufacture. This fiber is tightly wrapped by hand around the aluminum cylinder while at room temperature. The expansion to reach the 60 degree Celsius operating point exceeds the coating thickness and guarantees the fiber is always under tension.
The 5 m fiber of the FCI, which has a 328 µm jacket, is wrapped on the same aluminum cylinder. This guarantees good thermal contact of the two fibers with a single thermal reservoir, but the FCI does not stretch significantly. Figure 2 shows the two interferometer's responses to frequency and temperature scans. We calibrate the frequency response against a 87 Rb absorption spectrum to find 0.1544 rad/MHz (TCI), 0.1540 rad/MHz (FCI), which are close to the 0.1522 rad/MHz expected from Eq. (2). We calibrate the temperature response against a thermistor and find 1211 rad/K (TCI) and 400 rad/K (FCI), which agree reasonably well with the values found above.
The output of the FCI can be fed back to the laser current to stabilize the laser frequency. The output of the TCI can similarly be fed back to the set point of the temperature controller to stabilize the temperature of the aluminum cylinder. Both controls are realized with a 100 kHz bandwidth data acquisition card. When the TCI output is not used for temperature control, the temperature controller still controls the temperature, but with less precision.
To monitor the frequency drift of the target laser, we interfered the laser output against a second laser stabilized by saturated absorption spectroscopy to the D 1 line of Rb. The resulting beat note was recorded on a spectrum analyzer and the computed centroid of the spectrum was taken as the current frequency. We collected the frequency every 10 seconds, and compute the Allan deviation [16] for various control scenarios, shown and described in Fig. 3 . While the frequency response is matched, the TCI is about three times more sensitive to temperature changes.
As expected, stabilization to the FCI provides a large drift reduction, by about a factor of 30 for all time scales measured. For times above about 1 minute, the TCI provides a further improvement by about a factor of 2.5 which is larger in longer time scale, giving a drift of 32 kHz at 10 s and 754 kHz at 5000 s. For comparison, we implemented a transfer lock using a separate laser, stabilized to an atomic line, as the input to the TCI for temperature stabilization. The resulting Allan deviation is indistinguishable from that observed by self-stabilization of the DFB laser, making our technique competitive with the transfer lock, while being inexpensive, compact and flexible. Moreover, with this technique, the laser can be locked far from an atomic or molecular frequency reference by counting the number of interference fringes.
While we have concentrated on improving long-term frequency stability, our method is also compatible with short-term linewidth narrowing, as demonstrated by Lee et al. [11] . Using a 5 m path-imbalanced fiber interferometer and high-bandwidth feedback, they narrowed the linewidth of a DFB laser from 3 MHz to 15 kHz. Combined with our self-referencing method, the laser linewidth can be reduced for both short time and long time scales. It is also interesting to consider implementation of the two interferometers as laser-written waveguides, which could lead to an extremely compact and robust system.
In conclusion, we have described a flexible long-term laser frequency stabilization method using two interferometers with very different temperature coefficients. Using only a single laser, we can lock to frequencies not corresponding to any atomic or molecular line. We observe an Allan deviation of 6.9 × 10 −10 at 1000 s, an improve- ment by a factor of 81 relative to the laser with electronic temperature and current stabilization. The laser stability can achieve 32 kHz at 10 s and 754 kHz at 5000 s. The method is compatible with short-term linewidth narrowing and with integrated interferometers, promising a small, robust, cheap and flexible DFB laser with both short-term and long-term frequency stability.
